The reproductive success of wild birds has been affected by exposure to multiple contaminants. Reproduction of captive American kestrels (Falco sparverius) was suppressed when adult birds were exposed to dietary polychlorinated biphenyls (PCBs). In this study, the reproductive effects of in ovo exposure to PCBs is explored, along with determining effects on reproduction in second-generation birds indirectly exposed to PCBs. Reproductive changes in this subsequent generation are examined separately in male and female birds. Captive American kestrels (F. sparverius) were hatched from clutches with eggs containing environmentally relevant levels of total PCBs (34.0 g/g whole egg WW versus 0 g/g controls); parent birds had been fed PCB-spiked (Aroclor 1248:1254:1260) food (7 mg/kg BW day
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) for 100 days until their eggs hatched. In 1999, the second-generation PCB birds were paired with unexposed kestrels having reproductive experience. In ovo PCB exposure suppressed egg laying completely in 25% of PCB females and resulted in delays in clutch initiation and smaller clutch sizes for PCB male and female pairs. There was no evidence in this study of in ovo PCB treatment effects on fertility or hatching success. The decline in reproductive success was also reflected in the reduced fledging success and higher incidence of complete brood mortality of PCB nestlings. Differences between in ovo-exposed PCB males and females but not between controls were evident in reproductive success. In ovo PCB exposure appears to have had greater effects on female kestrels until clutch completion, with a greater time lag between pairing and egg laying, reduced numbers of pairs laying eggs, and smaller clutches being laid. In ovo PCB exposure has greater effects later in the breeding season on male kestrels, which had poorer hatching and fledging success relative to the PCB females. Possible behavioral and physiological mechanisms involved in these reproductive changes are discussed.
The reproduction and health of wildlife may be profoundly affected by polychlorinated biphenyls (PCBs). PCBs are widespread contaminants that are lipophilic and persistent. They also bioaccumulate through the food web (Hoffman et al. 1996) and are potential endocrine-modulating substances (Koval et al. 1987) . Reproduction of wild passerines (McCarty and Secord 1999; Bishop et al. 1999) , raptorial (Kozie and Anderson 1991; Bowerman et al. 1994; Giesy et al. 1995; Hoffman et al. 1998) , and piscivorous Dirksen et al. 1995; Custer et al. 1999 ) birds has been altered by exposure to multiple contaminants, including PCBs. Most of these studies of wild birds have shown that there are contaminant effects at all levels, from compromised fertility and reduced hatching success of fertile eggs to diminished survival of young birds prior to or after fledging from the nest. Developmental and bill deformities have also been observed in birds exposed to PCBs (e.g., Fox et al. 1991; Hoffman et al. 1998; K. Fernie, unpublished data) .
Exposure to PCBs alone reduced the reproductive success of captive American kestrels (Falco sparverius; Fernie et al. 2000a ). Kestrels exposed to PCBs laid eggs with larger yolks and less albumen, which is expected to compromise the growth and viability of nestlings (Fernie et al. 2000b) . These same birds laid smaller clutches later in the season and laid more clutches that were completely infertile. The PCB pairs had poorer hatching and fledging success, because 50% of PCB nestlings died within 3 days of hatching (Fernie et al. 2000a) . These changes in reproductive success of birds directly exposed to dietary PCBs occurred only during exposure, but not the year following PCB exposure.
In this paper, several mechanisms are explored in relation to PCBs affecting reproductive success of birds. First, wild birds are exposed to contaminants through both dietary and in ovo means; this study provided a unique opportunity to examine the reproductive success of birds exposed to PCBs in ovo only and to determine whether reproductive effects are seen in second generation birds indirectly exposed to PCBs. The second mechanism explored involves identifying sex-specific responses in kestrels exposed in ovo to PCBs. This study allowed the examination of whether reproductive changes from PCB exposure were a function of changes in female and/or male birds of breeding pairs. Birds in wild pairs are very likely both contaminated, eliminating the possibility of distinguishing sexspecific responses. In this study, captive yearling kestrels exposed in ovo to PCBs were paired with adults that had not been exposed to PCBs. This experimental design allowed for the elucidation of sex roles and possible physiological and behavioral mechanisms involved in reproductive changes related to PCBs.
Materials and Methods
The study reported here represents data collected in the second year (1999) of a 2-year study. Captive adult American kestrels of known pedigree, from the Avian Science and Conservation Centre of McGill University (Quebec, Canada), were randomly assigned to the PCB (n ϭ 25 pairs) or control groups (n ϭ 25 pairs) during the 1998 breeding season. Young from the 1998 reproductive season were bred in 1999, with reproductive results from 1999 reported here. All PCB young and randomly selected control young were paired as yearlings with unexposed older birds that had successfully produced and fledged young within the past 2 years. Reproductive success of yearling kestrels is enhanced when young birds are paired with older, experienced birds (I. Ritchie, personal communication). Pairs were genetically unrelated within the past seven generations. Care and treatment of the birds was conducted in accordance with the Canadian Animal Care Guidelines.
The parents of breeding adults used in this study were fed PCBspiked food in 1998 only, beginning 1 month prior to pairing. The PCB-spiked food was fed ad libutum to breeding pairs for approximately 100 days, until the first young in each nest box hatched. The PCB dosing mixture consisted of Aroclor 1248:1254:1260 (1:1:1 by weight) dissolved in safflower oil at a concentration of 4.85 mg/g total PCB. Kestrels were exposed to a mixture of PCBs commonly found in bird tissues in the Great Lakes region (e.g., Braune and Norstrom 1989; Hebert et al. 1994) . A 100-l aliquot of the dosing mixture was injected intracranially into formerly frozen day-old cockerels. Kestrels in general show a preference for the heads of cockerels (I. Ritchie, personal communication) and consume 1.5 cockerels each day. The cockerels for the control birds received the equivalent intracranial dose of safflower oil only. The actual consumption rate based on residue studies was 7 mg/kg body weight per day (K. Drouillard, unpublished data).
The dosage level resulted in total PCB residues of 34.1 g/g on a whole egg wet weight basis in 1998; control eggs contained total PCB residues of 0.01 g/g (Fernie et al. 2000b) . Residues in the 1998 treatment eggs are comparable to those found in the eggs of wild passerine (McCarty and Secord 1999) , raptorial (Clark et al. 1998; Donaldson et al. 1999) , and piscivorous birds (Hoffman et al. 1998) . Residues in the 1999 eggs laid by the in ovo-exposed birds in this study were not analyzed because these kestrels were first-time breeders and collecting eggs for analysis may have compromised their reproductive success.
Reproductive methodologies for these second-generation birds followed exactly those used with the first-generation kestrels during and after PCB exposure (Fernie et al. 2000a) . All kestrels were paired on 21 April 1999. Each pair was housed in a visually isolated outdoor breeding pen (2.5 ϫ 1.2 ϫ 2.5 m) with a nest box (0.3 ϫ 0.3 ϫ 0.4 m). Within each sex, all birds were comparable in size (wing chord) and body mass at pairing and prior to egg-laying (one-way ANOVAs, all ps Ն 0.45).
Nest boxes were checked daily for the presence of eggs and the hatching and fledging of young. The laying date of individual eggs was recorded, and their position in the laying sequence was marked on each egg with a nontoxic marker. When eggs were incubated for approximately 10 days, eggs were candled for fertility. Eggs were categorized as living or dead embryo, addled, or infertile.
Data were analyzed to compare reproductive endpoints between control and PCB kestrels of the same sex (e.g., PCB female versus control female pairs) and to look for sex differences within each treatment (e.g., PCB male versus PCB female pairs). Analyses were completed based on all pairs using t-tests unless noted. The number of pairs laying a clutch of eggs was compared using Chi-squared analysis of contingency tables. "Laying lag" (which is the number of days between pairing and laying of the first egg), "sequence length" (involving the length of time to lay a clutch of five eggs), clutch size, and the number of fertile eggs, hatchlings, and fledglings per breeding pair were tested for treatment effects using t-tests. Mann-Whitney U-tests were used to identify potential treatment effects relating to completely infertile clutches. Associations between the date of clutch initiation, clutch size, and fledging success were tested within each sex and treatment using Spearman's rank order correlation coefficients.
The effect size (ES) for each comparison (Table 1) was determined by calculating the absolute difference between the two populations in the variables of interest (i.e., observed effect), scaled by the withinpopulation standard deviation (Cohen 1988; Steidl et al. 1997) . The effect size was considered small at ES ϭ 0.20, medium when ES ϭ 0.50, and large at 0.80 (Cohen 1988) . Small, medium, and large effect sizes correspond to a 15%, 33%, and 47% nonoverlap in population distributions, respectively (Cohen 1988; Johnson and Barclay 1996) . Using intelligent quotient (IQ) scores, Cohen (1988) describes medium effect sizes as the difference between clerical and semiskilled workers and large effect sizes as the difference between holders of doctoral degrees and typical college freshmen. The power to detect the actual effect size was calculated using Cohen (1988) .
Results
The relatively small sample sizes initially suggest that results should be interpreted cautiously. However, several reproductive variables showed effect sizes that were medium to large (Table 1) , and there was adequate power to detect such effect sizes (medium ES: 0.50 power; large ES: 0.80 power). The lack of statistical differences in fertility and hatching success does not preclude the possibility of important biological changes in fertility and hatching effects being related to in ovo PCB exposure (Erickson and McDonald 1995) .
Comparisons Between PCB and Control Female Pairs
Nearly all of the control females (91%) laid a clutch of eggs, but one quarter of the PCB females failed to lay any eggs (Table 1 ). The clutch size of PCB females was smaller than that of the control females (Table 1 ). The laying lag was delayed by approximately 5 days for PCB females laying at least one egg, although there was no difference in the time required, approximately 8.2 Ϯ 0.2 days, to lay a five-egg clutch. There was no association between clutch size and the date of clutch initiation in female pairs.
Although fertility and hatching success were similar between PCB and control females, fledging success was lower in PCB females (Table 1) . Furthermore, comparing those females that laid five eggs, PCB females had proportionally fewer nestlings which fledged (55.0 Ϯ 22.9%) than control females (93.3 Ϯ 4.2%). Two PCB female pairs experienced mortality of their entire broods of nestlings within 6 days of hatching (Table 1); another PCB female had one of four nestlings die from heat stress. In comparison, control female pairs lost one nestling in each of two nests prior to 12 days of age. There was no association between fledging success and the date of clutch initiation.
Comparison of PCB and Control Male Pairs
All control and PCB male pairs laid a clutch of eggs. The clutch size of PCB male pairs was smaller compared to control males (Table 1) , and clutch initiation was delayed by nearly 3 days in PCB male pairs (Table 1 ). There was a weak negative association between clutch size and the date of clutch initiation for PCB males only (r Spearman ϭ Ϫ0.40, p ϭ 0.11).
Fertility, hatching, and fledging patterns for male pairs are similar to that observed for female pairs (Table 1 ). Fertility and hatching success was similar for PCB and control males, but PCB males produced fewer fledglings (Table 1) . A majority of PCB male pairs (five of eight) had hatchlings that failed to fledge, with the entire broods from these PCB male pairs dying prior to fledging. Most (71%) of the mortality occurred at hatching, although mortality in one PCB brood occurred at 9 -12 days of age. In contrast, one third of control male pairs (three of nine) lost hatchlings, and only one hatchling per pair died after 2 days of age. Fledging success was not associated with the date of clutch initiation in either PCB or control male pairs.
Comparison of Sexes Within Treatment
Suppression of egg laying occurred in PCB females only, with 25% of PCB female pairs not laying a clutch of eggs. The laying lag was 4 days longer and clutch size was smaller for PCB females relative to the PCB males (Table 1) . PCB females had proportionally more hatchlings (79.0 Ϯ 11.0%) than PCB males (60.0 Ϯ 17.9%), as well as more fledglings per pair (Table 1) . Differences in these reproductive variables between control females and males were negligible, proving to be small effect sizes (Յ 0.25).
Discussion
Results of this study indicate that in ovo PCB exposure suppresses egg laying in females, delays clutch initiation, and reduces clutch sizes and fledging success in both males and females. In ovo PCB exposure compromises the reproductive success of female kestrels early in the breeding season until egg laying is complete, but reduces the reproductive success of male kestrels later in the breeding season when young are hatching and fledging.
Reproductive health of wild raptorial and piscivorus birds has been adversely affected by exposure to multiple contaminants, including dichlorodiphenyltrichloroethane (DDT), dichlorodiphenyldichloroethane (DDE), and PCBs (e.g., Wiemeyer et al. 1984 Wiemeyer et al. , 1993 Colburn 1991; Kozie and Anderson 1991; Anthony et al. 1993; Bowerman et al. 1994) . Dietary exposure to PCBs alone compromises the reproductive success of American kestrels when directly exposed to PCBs, but no longer has a detrimental effect 1 year later (Fernie et al. 2000a) . Here, the results suggest that in ovo exposure to PCBs is also linked to biologically important changes in reproduction. The reproductive response of male and female kestrels exposed to PCBs in ovo was affected, and there were gender differences in reproductive response subsequent to in ovo PCB exposure. Reproductive loss through the mortality of nestlings, suggests that in ovo PCB exposure may operate at two levels by affecting parental behavior or nestling viability.
The long-term stability of wild bird populations is partially a function of the number of pairs that lay a clutch of eggs (Newton 1979) . The in ovo PCB exposure of kestrels suppressed egg laying in females but had no effect in males. This variable proved to be a "large" effect size, with one quarter of PCB female pairs failing to lay any eggs. The suppression of egg laying in females only indicates that PCBs are affecting ova development. PCBs may have interfered with follicular Table 1 . Reproductive parameters of American kestrels exposed in ovo to safflower oil or PCBs that were environmentally relevant (Fernie et al. 2000b development or oviduct physiology during embryonic stages and/or seasonal development of these breeders. Behavioral mechanisms may also be involved. Concurrent studies showed suppression of egg laying did not occur with older kestrels, either during or after PCB exposure (Fernie et al. 2000a) . Though captive yearling kestrels are less likely to lay eggs than adults (I. Ritchie, personal communication), the results suggest that reproduction is more sensitive to in ovo than dietary PCB exposure, because in ovo exposure was the only condition under which egg laying was suppressed; these results under in ovo conditions only may also indicate that yearling birds may be more reproductively sensitive to PCBs than older birds. This hypothesis is consistent with conclusions that reproductive effects are induced following PCB exposure during prenatal and early postnatal periods (Brouwer et al. 1999 ).
Reproductive success is partially determined by the date of clutch initiation, with poorer success being more common among birds reproducing later in the breeding season. Passerines (e.g., Perrins 1996) and raptors (e.g., Valkama and Korpimaki 1999) have smaller clutch sizes and produce fewer young when laying later in the breeding season. In ovo exposure to PCBs resulted in female kestrels beginning to lay their clutches approximately 5 days later than the control females, with a 3-day delay in clutch initiation by PCB males compared to control males. There was also a 5-day delay in egg laying when comparing in ovo PCB females to in ovo PCB males. These comparisons were of medium to large effect sizes (Cohen 1988), and statistical power was sufficient to confidently identify these effect sizes. Furthermore, clutch initiation was also delayed in the directly exposed parent birds by 6.1 days during dietary PCB exposure and by 3.7 days 1 year after dietary PCB exposure (Fernie et al. 2000a) . During all experiments, parent and yearling birds were paired on the same day (21 April), which is relatively early in the captive breeding season of eastern-central Canada (Montreal 45°26ЈN, 73°56ЈW). Exposure to PCBs clearly has a sustained deleterious effect on clutch initiation by birds, even after direct dietary intake of PCBs has stopped.
The delay in clutch initiation likely involves PCBs affecting both behavioral and physiological mechanisms. This delay is unlikely to be a function of the age differences between females in PCB pairs because the delay was minimal between control pairs of the same age profile. As the PCB male and female kestrels of this study were paired with "clean" birds of the appropriate sex, it is clear that the delay in clutch initiation involves PCBs affecting both females and males through different mechanisms. The delay in clutch initiation by clean females paired with PCB males suggests that there are important behavioral changes in the male during the courtship period that are related to in ovo PCB exposure. Courtship feeding, whereby the male brings food items to the female, may determine the timing and initiation of egg laying in kestrels (Balgooyen 1976; Meijer and Schwabl 1989) . Changes in courtship behavior were observed in kestrels exposed to dietary PCBs (Fisher et al. unpublished data) and in captive male ringed doves (Streptopelia risoria) exposed to organochlorines, including PCBs (Haegele and Hudson 1977; McArthur et al. 1983) . Courtship behavior of female doves was also suppressed, which contributed to delays in clutch initiation (McArthur et al. 1983) . The delay in clutch initiation observed with the in ovo PCB female kestrels paired with clean males indicates that there are also physiological mechanisms involved. Indeed, the increased yolk size of PCB females may indicate that PCB exposure affected the hormone levels, receptors, and/or temporal patterns in the female kestrels governing ovarian activity, follicular, and egg development (Fernie et al. 2000b) , which has been observed in other birds exposed to PCBs (Koval et al. 1987) . Endocrine changes may also be linked to behavioral changes involving courtship and receptiveness in both the female and male kestrels, although there were no differences in testosterone or estradial observed in the dietary PCB pairs (Fisher et al. unpublished data) .
Clutch sizes of wild cormorants (Phalacrocorax carbo; Boudewijn and Dirksen 1995) and captive kestrels (Fernie et al. 2000a) were smaller when the birds were exposed to PCBs; production declined in chickens (Gallus domesticus) during PCB exposure at low (0.8 mg PCB/kg WW) and high (6.6 mg PCB/kg WW) dose levels (Summer et al. 1996a) . Similarly, in this study, both in ovo PCB male and female pairs laid fewer eggs than respective controls, which were medium/large effect sizes, indicating these were real and important changes. In fact, the suppression in egg laying was more evident in the in ovo-exposed birds than the parent birds exposed to dietary PCBs. Compared to controls, clutch sizes were smaller by one egg for in ovo PCB females, 0.6 eggs for in ovo PCB males, and 0.4 eggs for dietary PCB parents directly exposed to PCBs (Fernie et al. 2000a) . Reductions in clutch size may be expected to adversely affect recruitment and long-term population stability.
The reduction in clutch sizes of PCB pairs is not likely due to delayed clutch initiation. Only in the PCB males was there any relationship between clutch size and laying date, and this was weak. Rather, PCB exposure appears to be the (major) factor affecting clutch sizes. Studies of the directly exposed parent kestrels indicated that dietary PCB exposure is one mechanism involved in clutch size reductions (Fernie et al. 2000a) . The results here suggest that in ovo exposure to PCBs reduces clutch sizes through effects on both sexes and involves physiological and behavioral mechanisms. Although PCB males were paired with older, clean females, which are more likely than yearling females to lay larger clutches, clutch size was suppressed in PCB pairs regardless of female age. Consequently, a lack of behavioral stimulation by the PCB males likely resulted in smaller clutches being laid by clean females whose reproductive system would not have been altered by PCB exposure. However, PCBs directly affected the female kestrels exposed in ovo to PCBs. Despite presumably appropriate behavioral stimulation by clean males, PCB females also laid smaller clutches indicating that physiological modifications (e.g., reproductive tract, endocrine system) were further involved in clutch size reductions.
We did not detect an association between in ovo PCB exposure and changes in the fertility of kestrel clutches. Nonstatistical differences in fertility in our study proved to be a small effect size and so may be due to inadequate replication or variation in experimental units (Cohen 1988; Erickson and McDonald 1995) . The similarity in fertility between in ovoexposed pairs contrasts with the reduction in fertility experienced by parent kestrels (Fernie et al. 2000a ) and chickens (Summer et al. 1996a ) directly exposed to dietary PCBs. During dietary exposure to Aroclor 1254 for 65 days, the number of sperm per ejaculate of captive kestrels was reduced by 22-27% (Bird et al. 1983) . Together, the results suggest that fertility of birds is only suppressed during dietary PCB exposure, not 1 year after dietary PCB exposure (Fernie et al. 2000a) , nor from in ovo PCB exposure.
We also did not detect a change in the hatching success of female and male kestrels from in ovo PCB exposure. The similarity in hatching success of PCB and control pairs was in contrast with the reduced hatching success of the parent kestrels experiencing dietary PCB exposure (Fernie et al. 2000a) , of chickens exposed to dietary PCBs (Summer et al. 1996b) , and that of wild piscivorus and insectivorous birds exposed to PCBs Hoffman et al. 1998; McCarty and Secord 1999) .
Proportional differences in hatching success between in ovo PCB males and females were observed and favored PCB females. In ovo exposure of males may have altered genetic material, which could have affected the hatchability of fertile eggs. DNA damage was observed in Japanese quail (Coturnix coturnix japonica) exposed to Aroclor 1260 (Leonzio et al. 1996) and in the embryos of wild great blue herons (Ardea herodias; Custer et al. 1997) . Alternatively or additionally, changes in the incubation behavior of the male kestrels who incubate for approximately 20% of the time (Balgooyen 1976) may further account for their reduced hatching success. Reduced incubation attentiveness and brooding activity and increased nest abandonment has been observed in wild herring gulls (Larus argentatus; Fox et al. 1978) and captive ring doves (Peakall and Peakall 1973; McArthur et al. 1983 ) when exposed to PCBs. Increased nest abandonment was observed in European starlings (Sturnus vulgaris) exposed to PCBs (Arenal and Halbrook 1997 ) and Forester's terns (Sterna forsteri; Kubiack et al. 1989) .
The reduced reproductive success of in ovo PCB pairs becomes more apparent with the fledging of young. The PCB females and males produced fewer fledglings than did control pairs, indicating that PCB effects occur through both sexes independently. Declines in fledging success have been observed in wild tree swallows (McCarty and Secord 1999) , cormorants Dirksen et al. 1995) , and the captive kestrels directly exposed to dietary PCBs (Fernie et al. 2000a) . As seen in wild cormorants (Custer et al. 1999) , nestling kestrels died either at or within the first 3 days of hatching in kestrel pairs experiencing either in ovo or dietary PCB exposure (Fernie et al. 2000a) . Increased mortality of nestlings appears to occur through PCB exposure and continues in succeeding generations, even without further direct PCB exposure.
Gender differences were also observed between the in ovo PCB pairs, with PCB females having more fledglings and lower mortality of their entire broods compared to PCB males. The reduced fledging success of PCB female broods may be due to behavioral changes in brooding by the female, because kestrels prior to 10 days of age are dependent on the female for thermoregulation. PCB exposure has suppressed brooding behavior in other birds (Peakall and Peakall 1973; McArthur et al. 1983) . Nestling mortality in broods of in ovo PCB males also may have involved behavioral changes. The male kestrel is the primary provider of prey for nestling American kestrels (Balgooyen 1976) and European kestrels (Falco tinnunculus; Masman et al. 1988) . Even in those male pairs that produced fledglings, in ovo PCB male kestrels appeared to commonly ignore the repeated food-begging calls of their nestlings in comparison to the control males (Fernie, personal observation) . Parent ring doves spent less time feeding their young when exposed to organochlorines, including PCBs. Alternatively and/or additionally, PCB exposure may induce an aggressive response of (male) kestrels toward their nestlings, particularly at hatching. Contaminated nestlings received injuries from adult ring doves (McArthur et al. 1983 ) and male Bengalese finches (Lonchura striata; Jefferies 1967 Jefferies , 1971 , with the latter repeatedly removing newly hatched young from the nest as was observed in these in ovo and dietary PCB kestrel pairs (Fernie et al. unpublished data) .
In conclusion, in ovo PCB exposure of kestrels compromises the reproduction of both female and male kestrels, suppressing egg laying in females only, causing a delay in clutch initiation, and reducing clutch sizes and fledging success in both sexes. These changes in reproductive success are consistent with those observed in kestrels directly exposed to dietary PCBs (Fernie et al. 2000a) . In ovo PCB exposure has gender effects that are expressed at different times within the breeding season. Early in the breeding season, in ovo PCB exposure had greater effects on female than male kestrels. Only PCB female pairs, but not male pairs, failed to lay clutches of eggs. PCB females had the longest delays in clutch initiation and the smallest clutch sizes. After egg laying, in ovo PCB exposure had greater effects on male than on female kestrels. The majority of PCB males that had nestlings failed to produce any fledglings. These gender differences in reproduction are of medium effect size, indicating that they would have biological significance in wild birds. The results of this study indicate that reproductive effects from PCB exposure involve changes in both sexes. In ovo PCB exposure of captive birds with a predictable food supply has subtle but convincing effects on reproduction. In free-living birds exposed to food variability, interspecific interactions, and occasionally harsh meteorological conditions, these subtle reproductive effects of in ovo PCB exposure are likely to be exacerbated.
